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It is an exciting time for flavor physics. In this talk, I discuss recent topics in baryogenesis and leptogenesis in
light of new data, and implications in B and neutrino physics. I also discuss current situation of grand unied
theories concerning coupling unication, proton decay, and indirect consequences in lepton flavor violation and B
physics. I explain attempts to understand the origin of flavor based on flavor symmetry, in particular \anarchy"
in neutrinos.
1. Introduction
Flavor physics is going through a big revolu-
tion. Neutrino oscillation has been a big discov-
ery, and new data on quark sector are pouring
in. Given the excitement in flavor physics, I will
discuss recent topics on baryogenesis and grand
unication, and their connection to flavor physics
in this talk.
2. Baryogenesis
Why there is only matter in Universe but no
anti-matter is one of the big questions in cosmol-
ogy and particle physics. Because of its funda-
mental importance, it is often quoted as one of
the primary reasons to study CP violation in fla-
vor physics.
First of all, the amount of baryon we have in
our Universe had been quite well determined by
Big-Bang Nucleosynthesis. The only free param-
eter in this theory is the amount of baryons that
determines the rate of nuclear fusion process in
early Universe. People often quote the baryon-
to-photon ratio  = nB=nγ , namely the ratio of
the baryon number over the number of photons
in a xed volume, because this quantity does not
∗This work was supported in part by the DOE Contract
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change as the Universe expands.2 There was a
period when dierent determinations of baryon-
to-photon ratio did not agree with each other,
and it was said to be a crisis. The problem has
largely disappeared recently, and there emerged a
consensus on the baryon-to-photon ratio. Let me








(5:0 0:5) 10−10 [2] : (1)
This determination of the baryon-to-photon ratio
is also consistent with the analysis that combines
power spectrum in cosmic microwave anisotropy,
cluster mass, and large scale structure [3]. There-
fore, we know the baryon-to-photon ratio of the
Universe with a good condence.
When I mention the word \anti-matter" in a
public talk, it causes a certain level of fear among
the audience. It sounds something scary to them.
And they are right. When the Universe was hot,
at a temperature of 1 GeV, there were practi-
cally equal amount of matter and anti-matter.
As the temperature decreased, anti-matter has
annihilated with matter, leaving only radiation.
However, at the level of one out of ten billions or
so, there was an excess in the amount of matter
2When a particle species freezes out, however, the ra-
tio does change. The baryon-to-entropy ratio is constant
across the thresholds.
2over anti-matter, and this small excess is us . We
have survived The Great Annihilation. This real-
ization immediately leads to a question: \What
caused a small excess in the amount of mat-
ter over anti-matter?" This excess is called the
baryon asymmetry of Universe.
Sakharov pointed out that the small baryon
asymmetry may be understood as a consequence
of microphysics from a Universe with no asym-
metry only if three conditions are satised:
1. Existence of process that violates the
baryon number.
2. CP Violation.
3. Departure from thermal equilibrium.
The rst requirement is obvious. If the Universe
had no asymmetry as its initial condition, gener-
ation of baryon asymmetry is possible only if the
baryon number can change. Then there may be a
nite rate of a process that increases the baryon
number Γ(B > 0) 6= 0. If, however, CP were an
exact symmetry, a process and its CP conjugate
process would have the same rate. Because the
baryon number is CP-odd, it would imply that
Γ(B > 0) = Γ(B < 0), and no baryon asym-
metry can be generated. To make these rates
dierent, CP violation is mandatory. Even so,
thermal equilibrium, by denition, has the same
rates for a process and its inverse process. Simi-
larly to the CP conservation, it would also imply
Γ(B > 0) = Γ(B < 0), and no baryon asym-
metry would be generated. Therefore, departure
from thermal equilibrium is necessary to generate
the baryon asymmetry.
It was once hoped that grand unied theories
(GUTs) would provide the mechanism of gener-
ating baryon asymmetry, a.k.a. baryogenesis [4].
GUTs indeed necessarily break baryon number.
If a heavy particle from GUTs remain in the
early Universe after the temperature drops be-
low its production threshold, the leftover amount
exhibits the departure from thermal equilibrium.
Then their decay, if CP is violated, may preferen-
tially produce baryons over anti-baryons, thereby
generating baryon asymmetry. It is encouraging
that such a decay asymmetry had been estab-









Figure 1. The energy levels of the Dirac equa-
tion in the presence of fluctuating W -eld move
up and down. All negative energy states are oc-
cupied while the positive energy states vacant in
the \vacuum" conguration.
lished, namely "0 6= 0 or equivalently Γ(K0 !
+−) 6= Γ(K0 ! +−).
However, the eect of electroweak anomaly
changed the picture quite dramatically. The
Standard Model actually violates B [5]. In the
Early Universe when the temperature was above
250 GeV, there was no Higgs boson condensate
and W and Z bosons were massless (so where
all quarks and leptons). Therefore W and Z
elds were just like electromagnetic eld in the
hot plasma and were fluctuating thermally. The
quarks and leptons move around under the fluc-
tuating W -eld background. To see what they
do, we solve the Dirac equation for fermions cou-
pled to W . There are positive energy states that
are left vacant, and negative energy states that
are lled in the \vacuum" (Fig. 1). As the W -
eld fluctuates, the energy levels fluctuate up and
down accordingly. Once in a while, however, the
fluctuation becomes so large that all energy levels
are shifted by one unit (Fig. 2). Then you see that
one of the positive energy states is now occupied.
There is now a particle! This process occurs in the
exactly the same manner for every particle species
that couple to W , namely for all left-handed lep-
ton and quark doublets. This eect is called the
electroweak anomaly. Therefore the electroweak
anomaly changes (per generation) L = 1, and
q = 1 for all three colors, and hence B = 1.









Figure 2. Once in a while, the fluctuation in the
W -eld becomes so large that the energy levels of
the Dirac equation in the presence of fluctuating
W -eld shift all the way by one unit. Then a
positive energy state is occupied and a particle is
created.
Note that (B−L) = 0; the electroweak anomaly
preserves B − L.
Because of this process, the pre-existing B and
L are converted to each other to nd the chemical
equilibrium at B  0:35(B − L), L  −0:65(B −
L) [7]. In particular, even if there was both B
and L, both of them get washed out if B−L was
zero.
Given this problem, there are now two major
directions in the baryogenesis. One is the elec-
troweak baryogenesis [6], where you try to gener-
ate B = L at the time of the electroweak phase
transition so that they do not get washed out fur-
ther by the electroweak anomaly. The other is the
leptogenesis [8], where you try to generate L 6= 0
but no B from neutrino physics well before the
electroweak phase transition, and L gets partially
converted o B due to the electroweak anomaly.
2.1. Electroweak Baryogenesis
It appears at the rst sight that the baryoge-
nesis is possible in the Minimal Standard Model.
First, the baryon number is violated as we dis-
cussed above. Second, CP is also violated in the
Standard Model. Third, if the phase transition
of electroweak symmetry breaking is rst order,
the coexistence of broken and unbroken phases
at the phase transition is a departure from equi-
librium. Then all three conditions by Sakharov
are satised. The question is if enough baryon
asymmetry can be generated quantitatively [9].
There are at least two big problems in the Stan-
dard Model. The rst problem is the order of
phase transition. The rst order phase transition
is possible only if the Higgs boson is relatively
light, mH < 60 GeV. Above this mass, the phase
transition becomes second order, and there is no
departure from equilibrium. The LEP bound on
the Higgs boson has excluded this possibility. The
other problem is the size of CP violation. In the
Standard Model, any CP violating eects must be
proportional to the so-called Jarlskog parameter,
J = =(det[M yuMu;M ydMd]). At the phase tran-
sition temperature TEW ’ v, the dimensionless
quantity that characterizes the size of CP viola-
tion is J=v12  10−20  10−10. Unless there is
a mechanism of tremendous enhancement by ten
orders of magnitude, the resulting baryon asym-
metry would be too small.
The Minimal Supersymmetric Standard Model
(MSSM) can go around both problems. The rst
order phase transition becomes a possibility again
if one of the scalar top quark is very light, mt˜R <
160 GeV, despite the LEP bound. There is also a
new CP violating phase =(M2) in the chargino
sector which could in principle be order one. See
Fig. 3 and the caption for the mechanism of the
baryogenesis.
However, the model is getting cornered; the
available parameter space is becoming increas-
ingly limited due to the LEP constraints on
chargino, scalar top quark and Higgs boson [10,
11]. This is because the LEP bound on the light-
est Higgs boson requires a large radiative correc-
tion, and hence a large scalar top quark mass.
Because we need a light right-handed scalar top
quark to achieve the rst order phase transi-
tion, only the left-handed scalar top quark can
be raised above TeV for this purpose. tan also
needs to be large to raise the Higgs mass. How-
ever, the CP violation is a relative phase between







and the phase becomes unphysical as cos ! 0




















































Figure 3. The mechanism of baryogenesis in the
MSSM. The bubbles of the true vacuum with bro-
ken electroweak symmetry v 6= 0 forms and ex-
pands into the false vacuum with unbroken elec-
troweak symmetry. The charginos bounce o the
expanding bubble walls. Because of the CP vio-
lation in the chargino mass matrix, the reflection
probabilities are dierent for dierent charginos.
The interaction of light scalar top quark with the
charginos convert the dierence in the charginos
to the asymmetry between left-handed and right-
handed top quarks. At this point, there is no
overall top quark asymmetry and no baryon num-
ber. Then the asymmetry in the left-handed top
quark is partially converted to the lepton asym-
metry due to the electroweak anomaly. The re-
duced asymmetry in the left-handed top quark
and the remaining (unaected) asymmetry in the
right-handed top quark no longer cancel and there
is net baryon asymmetry.
to retain enough CP violation, causing a ten-
sion with the requirement of heavy enough Higgs
mass. Moreover, the constraints from electric
dipole moments are quite severe if the relative
phase between  and M2 is order unity.3 What
it means is that we are supposed to nd a right-
handed scalar top quark, charginos \soon" with
a large CP violation in the mass matrix.
It is important to ask if there is any interesting
consequence of this scenario in CP violation on
3After my talk, the constraints from electric dipole mo-
ments had been shown to be even more severe [13].











































Figure 4. Constraint on the MSSM chargino pa-
rameter space in electroweak baryogenesis [11].
To generate  = 5  10−10, the parameters must
lie inside the contour labeled \5." It implies light
charginos. Shaded region is excluded by LEP.
B systems. It turns out, however, that there is
no new CP violation in B systems from the rele-
vant phase for the electroweak baryogenesis in the
MSSM [12].4 The most important eect is the
contribution to Bd;s{Bd;s mixing. Surprisingly,
the new CP violating phase does not appear in
the diagram, and hence the mixing amplitude has
the same phase as in the Standard Model. There
is, however 20{30% enhancement in the mixing
amplitude. Such an enhancement cannot be es-
tablished now because of the theoretical uncer-
tainty in the B-parameter. However lattice cal-
culations are expected to reduce the uncertainty
down to 5% level in the near future, and this en-
hancement may be seen experimentally. It would
require a complicated analysis. In the case of Bs
mixing, the Standard Model prediction must be
improved with a better determination of Vcb (and
hence Vts through unitarity) and a better calcu-
lation of the B-parameter. In the case of Bd mix-
ing, we used to determine Vtd from the mixing.
For the purpose of extracting a new contribution
in the mixing, we have to determine Vtd by al-
ternative method. By an improved determina-
4It is quite possible that other models of electroweak













Figure 5. The most important contribution to B-
physics from particles relevant for the electroweak
baryogenesis in the MSSM. The phase of the am-
plitude is exactly the same as that of the Stan-
dard Model diagram. The same argument applies
to Bs mixing.
tion of Vub combined with measurement of an-
gles from tree-level processes, Vtd can in principle
be determined without relying on the Bd mixing,
and an enhancement in the mixing may be estab-
lished. In order to truly establish the model, we
would like to see the new CP violating phase in
the chargino mass matrix. An electron-positron
linear collider would be the best approach.
2.2. Leptogenesis
In leptogenesis, you generate L 6= 0 rst. Then
L gets partially converted to B by the electroweak
anomaly. The question then is how you generate
L 6= 0. In the original proposal [8], it was done
by the decay of a right-handed neutrino (say N1),
present in the seesaw mechanism, with a direct
CP violation. At the tree-level, a right-handed
neutrino decays equally into l+H and l+H. At
the one-loop level, however, the interference be-
tween diagrams shown in Fig. 6 cause a dierence
in the decay rates of a right-handed neutrino into
leptons and anti-leptons as
Γ(N1 ! liH)− Γ(N1 ! liH)








Once the right-handed neutrinos are produced in
early Universe, their long lifetime would allow













Figure 6. The tree-level and one-loop diagrams
of right-handed neutrino decay into leptons and
Higgs. The absorptive part in the one-loop di-
agram together with CP-violating phases in the
Yukawa couplings leads to the direct CP violation
Γ(N1 ! lH) 6= Γ(N1 ! lH).
erating an asymmetry between leptons and anti-
leptons. The lepton asymmetry then is partially
converted to baryon asymmetry thanks to elec-
troweak anomaly. Much more details had been
worked out in the light of recent neutrino oscil-
lation data and it had been shown that a right-
handed neutrino of about 1010 GeV can well ac-
count for the cosmic baryon asymmetry from its
out-of-equilibrium decay [14].
There is some tension in the supersymmetric
version because of cosmological problems caused
by the gravitino, which prefers a low reheating
temperature after inflation. But a supersymmet-
ric problem has a supersymmetric solution. It
can be circumvented using the superpartner of
right-handed neutrino that can have a coherent
oscillation after the inflation [15]. Leptogenesis
can work.
Can we prove leptogenesis experimentally? Lay
Nam Chang, John Ellis, Belen Gavela, Boris
Kayser, and myself got together at Snowmass
2001 and discussed this question. The short an-
swer is unfortunately no. There are additional CP
violating phases in the heavy right-handed neu-
trino sector that cannot be seen by studying the
light left-handed neutrinos.5 For example, even
5If you believe in a certain scenario of supersymmetry
breaking, low-energy lepton-flavor violation can carry in-
formation about CP violation in the right-handed neutrino
sector [16]. However, such connection depends on the as-
6two-generation seesaw mechanism is enough to
have CP violation that can potentially produce
lepton asymmetry, unlike the minimum of three-
generations for CP violation in neutrino oscilla-
tion. However, we decided that if we will see (1)
electroweak baryogenesis ruled out, (2) lepton-
number violation e.g. in neutrinoless double beta
decay,6 and (3) CP violation in the neutrino sec-
tor e.g., in very long-baseline neutrino oscillation
experiment, we will probably believe it based on
these \archaeological" evidences.
3. Grand Unified Theories
As we have discussed, baryogenesis may not be
a good motivation for GUTs any more. However,
there are still many reasons to consider GUTs se-
riously to answer some of the big questions in the
Standard Model. For example, electric charges
are quantized in the unit of e=3 among quarks and
leptons, while the electromagnetic U(1) gauge in-
variance does not require such quantization. Sim-
ilarly, the non-trivial anomaly cancellation and
seemingly random hypercharge assignments hint
at deeper organizing principles behind the quan-
tum numbers of quarks and leptons. Three forces
are seemingly unrelated, but they are all based on
the gauge principle. Also philosophically, unied
description of all forces has been a dream since
Einstein. GUTs address these questions beauti-
fully.
The quarks and leptons are unied in GUT
multiplets. In the case of SU(5) group, 5 multi-
plet includes a lepton doublet and a right-handed
down quark of three colors, and 10 multiplet in-
cludes a quark doublet and a right-handed up
quark of three colors, and right-handed charged
lepton.
Phenomenologically, the original non-
supersymmetric SU(5) GUT no longer works
because the gauge coupling constants measured
precisely at LEP and SLC extrapolated to higher
energies do not meet at a point. However with
the MSSM particle content, running of the gauge
couplings changes and they do meet within a
sumptions in the origin of supersymmetry breaking.
6There is, however, a realistic model of leptogenesis with-































Figure 7. The gauge coupling constants extrapo-
lated to higher energies using the particle con-
tents of the Minimal Standard Model and the
Minimal Supersymmetric Standard Model.
percent level accuracy at 2  1016 GeV. There-
fore, the Minimal supersymmetric SU(5) GUT
appears a success phenomenologically.
On the other hand, another prediction of GUTs
than the gauge coupling unication, namely the
proton decay, has not been observed. In fact,
the limit from SuperKamiokande (p! K+) >
6:7 1032 yr implies the mass of the color-triplet
SU(5)-partner of the Higgs boson to be heavier
than 7:6  1016 GeV, while the coupling unica-
tion requires it to be well below 1016 GeV (Fig. 8).
Even with the so-called \decoupling" limit where
rst- and second-generation squarks are assumed
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Figure 8. The GUT-scale mass parameters MHC
(mass of color-triplet Higgs that mediates the pro-
ton decay) and MGUT = (M2XMΣ)
1=3 (MX is the
mass of the X boson, and MΣ that of the ad-
joint Higgs) from the requirement that coupling
constants unify.
to 5:71016 GeV. Therefore, the Minimal super-
symmetric SU(5) GUT is now excluded [18].
Unfortunately, the prediction of the proton life-
time is sensitive to the ugly part of GUT model
building, namely how to accommodate observed
quark and lepton masses, which the minimal
model gets wrong by a factor of three, and how
to keep only the doublet Higgs light while mak-
ing color-triplet partner heavy (\triplet-doublet
splitting problem"). Expanded particle content
at the GUT scale also makes the prediction
more uncertain [18]. Some ne-tuning can sup-
press the decay rate [19]. A recent proposal of
breaking SU(5) using extra dimension on a one-
dimensional orbifold S1=Z2 eliminates this mode
of proton decay [20]. Therefore, one cannot say
that supersymmetric GUTs are excluded. In
other words, proton decay may be just around
the corner. It should be remembered that pro-
ton decay is a truly unique window to physics at
> 1015 GeV scale, and it is worth pursuing any-
way. Some other supersymmetric GUT models
predict p ! e+0 mode close to the experimen-
























Figure 9. The diagrams that can contribute to
direct CP violation in Bd ! Ks and Bs mixing.
orbifold GUT [20].
In the absence of direct signal (proton decay),
it is natural to look for other indirect eects of
GUT. It has been well studied that quark-lepton
unication causes flavor-changing eects among
leptons through top quark Yukawa coupling, giv-
ing rare phenomena such as  ! eγ,  ! e
conversion at experimentally accessible rates [21].
Recent discovery of  !  atmospheric neu-
trino oscillation with large mixing angle may also
give observable  ! γ etc at near future exper-
iments [22].
I would like to advertise yet another interest-
ing signal of GUT in B-physics [23]. Take the
large mixing between  and  . In SU(5) GUT,
they are in the same multiplets as sR and bR,
respectively. Therefore, it is natural to expect
a large mixing between sR and bR. Such mix-
ing drops out completely from CKM matrix be-
cause it keeps track of mixing only among left-
handed quarks that participate in the charged-
current weak interaction. However, in presence
of supersymmetry, a large mixing between ~sR and
~bR would lead to observable eects. For example,
supersymmetric contribution to Bs mixing may
well be comparable to the standard model con-
tribution even with squarks at 1 TeV. Supersym-
metric penguin contribution to b! sss allows di-
8rect CP violation and may give dierent \sin 2"
in Bd ! Ks from that in Bd ! J= Ks.7
4. Models of Flavor
The most pressing question on the origin of
flavor is what distinguishes flavor. Three gen-
erations of quarks and leptons have exactly the
same quantum numbers. But then, how come
that they have so dierent masses and small mix-
ings? When we learn quantum mechanics, we see
that states with similar quantum numbers have
similar energies, and they mix greatly. Due to
some reason, three generations do not follow this
common wisdom. Why?
One way to answer this question, developed
very actively in the past few years, is the concept
of explicitly broken flavor symmetry. The idea
is simple: there must a new (but hidden) quan-
tum number that distinguishes dierent flavors.
Because of the dierence in the flavor quantum
number, particles in dierent generations have
very dierent masses and mix little. According
to No¨ther’s theorem, a quantum number means
a symmetry, and hence flavor symmetry. The
flavor symmetry must allow top quark Yukawa
coupling because it is a coupling of order unity
which we consider natural. Other Yukawa cou-
plings are very small. They are forbidden by the
flavor symmetry, and are generated only when the
symmetry breaks. The smallness of the Yukawa
couplings are controlled by the smallness of sym-
metry breaking. The mixings are also forbidden
by the flavor symmetry, and are induced by the
symmetry breaking.
To make the discussion more concrete, let us
study the following SU(5)-like flavor quantum
number assignment. I choose a simple U(1)




The subscripts refer to the generations, and the
charges shown in parentheses. With this assign-
ment, the only allowed Yukawa coupling is the
7Recently both BABAR and BELLE collaborations
announced discrepancy between two measurements of
\sin 2β" at two standard deviation each [24].
one for the top quark. Other Yukawa couplings
are forbidden. Next I assume that the U(1) sym-
metry is broken by a small parameter   0:05
that carries the charge −1. Then it becomes pos-

























The symbol  emphasizes that we cannot pre-
dict precise numbers based on this simple idea,
but only the order of magnitudes suppressed by
powers of . A simple approximate prediction out
of this charge assignment is that
mu : mc : mt  m2d : m2s : m2b
 m2e : m2 : m2  4 : 2 : 1; (6)
which is phenomenologically acceptable. Note
that up quarks are doubly hierarchical compared
to the down quarks and charged leptons. Mix-
ing angles are also predicted, Vcb  Vts  ,
Vub  Vtd  2, which work quite well, and
Vus  Vcd   is a little bit too small but not
crazy.
What about neutrinos? Indeed, recent data on
neutrino oscillations have shed considerable in-
sight into the flavor symmetry. The MNS matrix
suggested by atmospheric, solar (LMA solution),
and reactor data has the form
(e  )
0












The mass hierarchy is not very large, especially
after taking square roots. All angles are large
except jUe3j < 0:15, but even this constraint is
not particularly strong compared to Ue2  0:4,
U3  0:7. It has been a big surprise to all of us
9that the pattern is so dierent from quarks and
charged leptons.
I actually nd the neutrino masses and mixings
very natural. In view of the question I posed ear-
lier, if three quantum mechanical states share the
same quantum numbers, their energies (masses)
are expected to be similar, and their mixings un-
suppressed. We have been so much used to hi-
erarchical masses and small mixings over many
decades, but what is surprising is not the neutri-
nos but other quarks and leptons rather! I view
the observed pattern of neutrino masses and mix-
ings a great conrmation of our naive intuition.
In terms of flavor quantum numbers, all we
need to do then is to assign the same quantum
numbers to three generations of neutrinos. In-
deed, the charge assignment (4) was motivated
by this requirement to obtain
M 
0




Here, the overall suppression of 2 is dropped be-
cause the overall mass scale of neutrino masses
is probably determined by other physics such as
seesaw mechanism.
But you may wonder if such an argument may
only produce largish mixing angles, but never
dramatically maximal mixing as in atmospheric
neutrino oscillations. It turns out that a maxi-
mal mixing is in a sense the most natural angle.
Using a simple Monte Carlo of random neutrino
mass matrices, you can see that there is a peak
in the distribution at sin2 223 = 1. Actually, you
can understand this distribution based on purely
group-theoretic consideration. The unique invari-
ant measure (Haar measure) of SU(3) MNS ma-
trix gives this distribution.
We called this simple fact \anarchy" [26,25].
Because there is no quantum number to distin-
guish three generations of neutrinos, neutrino
mass matrix lacks any particular structure. That
alone explains large mixing angles and small hi-
erarchy. Even though sin2 213 appears indeed
small compared to the obtained distribution, if
you get three quantities sin2 223, sin2 212, and
m212=m
2
23 right with one outlier, I nd it per-
fectly reasonable. The anarchy then predicts the





















Figure 10. The distributions in sin2 223 and
m212=m
2
23 from randomly generated neutrino
mass matrices [25].
LMA solution, testable at KamLAND, and 13
just below the bound. CP violation is also O(1).
This is the prefect scenario for long-baseline neu-
trino oscillation experiments.
5. Conclusion
Flavor physics is going through an amazing pe-
riod. Just to name a few important points I cov-
ered in this talk, (1) Electroweak baryogenesis is
getting cornered, (2) Leptogenesis is gaining mo-
mentum, and (3) Neutrinos provide new insight
into the origin of flavor. The good news is that
we will obtain more data, including rare decays
and possible deviations from the Standard Model,
to hopefully pin down the flavor symmetry and
eventually its dynamical origin.
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